Virescent mutations produce plants in which young leaves have reduced chlorophyll levels but accumulate nearly normal amounts of chlorophyll as they age; they are predominantly nuclear mutations. We describe here a virescent mutation (designated Vir-c) found in a somatic hybrid line derived from Nicotiana tabacum L. and Nicotiana suaveoekns Lehm. This mutation is inherited maternally. Young, half-expanded Vir-c leaves contained three to six times less chlorophyll than did control leaves, and reached maximum chlorophyll levels much later in development. Chlorophyll synthesis rates and chloroplast numbers per cell in Vir-c were similar to the control, and carotenoid content in Vir-c was sufficient to protect chlorophyll from photo-oxidation. Photosynthetic rates of Vir-c at low light intensities suggested a reduced ability to collect light. Electron micrographs of Vir-c chloroplasts from half-expanded leaves showed a significant reduction in thylakoids per granum. The decrease in granal thylakoids was strongly associated with low chlorophyll levels; mature Vir-c leaves with nearly normal chlorophyll content showed normal granal profiles. These results are discussed in relation to virescent mutants previously described.
Virescent mutants are a curious group of higher plants in which young leaves show much reduced Chl content, but recover more levels of Chl as they age. In contrast with many photosynthetic mutations, the virescent mutation is not lethal, and virescent plants survive to flower and produce seed. Virescent mutations occur in a wide range of flowering plants, including tomato (22) , maize (6) , cotton (5) , and peanut (1) . Despite the number of virescent mutants that have been described, the primary effect of the mutation is unknown. The phenotype suggests a temporal aberration in some factor governing Chl content, such as the ability to synthesize, protect, or accumulate Chl.
The variety of ways Chl content can be influenced may explain why the virescent phenotype is produced by a number of distinct mutant loci within a given species. In maize, for example, 10 mutant loci on 8 different nuclear chromosomes each produce the virescent phenotype. In a few rare instances, virescent mutations have been reported which were maternally inherited. Presumably these were associated with the chloroplast genome (20, 26) . The existence of both nuclear and cytoplasmic mutations producing the same phenotype supports the view that virescent mutants comprise a diverse group, in which each distinct mutant locus disturbs a specific factor regulating Chl content.
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We report here a new, maternally-inherited virescent mutation in tobacco. We analyze several possible influences on Chl content and show that the ability to synthesize and protect Chl is not affected in this mutant. Instead, the defect results in an inability to accumulate Chl at the appropriate stage in leaf development. This inability is correlated with a severe reduction in thylakoid membranes, the site where Chl is normally found. Recovery of more normal Chl levels in older leaves is associated with the appearance of normal thylakoid structure. These findings are discussed in relation to virescent mutations previously described.
MATERIALS AND METHODS
Plant Material. The virescent mutant, designated Vir-c, was found in a line of plants derived from fusion of a protoplast from a haploid Nicotiana tabacum L. var "Gatersleben" suspension culture with a protoplast from a male-sterile plant which had N. tabacum chromosomes and Nicotiana suaveolens Lehm. cytoplasm (14) . Thus, the fusion product had a triploid complement of N. tabacum chromosomes and a mixed population of both N. tabacum and N. suaveolens organelles.
The plant regenerated from this fusion product was self-sterile. Viable seed was obtained by pollinating the regenerated plant with N. tabacum L. var "Turkish Samsun" ("Samsun") pollen. Cross-pollination with "Samsun" pollen was continued for three generations. This line of plants was shown to have N. tabacumtype chloroplasts by marker analysis (14) . Seed from the third and fourth generation after fusion was used in the work discussed here.
Plant material used in experiments was grown under greenhouse conditions unless otherwise specified. Seeds 
RESULTS
Genetic Analysis. Reciprocal crosses were made between the mutant, Vir-c, and normally-pigmented N. tabacum L. var "Turkish Samsun" ("Samsun"). Seeds were sown in large flats and seedlings scored 10 d after germination. When the mutant was used as the female in the cross, all progeny were mutant (Table I ). When the female was normally pigmented "Samsun," all progeny had normal pigmentation. Selfing of the F, and F2 generations always produced progeny of the same pigment type as the original parental female.Thus, the mutation was maternally inherited and stable through subsequent generations.
Chl Content and Leaf Development. Chl content in Vir-c and "Samsun" was compared starting with immature leaves at the apex and progressing down the stem. For "Samsun," Figure 1 shows an increasing rate of Chl accumulation in the youngest leaves, followed by a linear rate, reaching peak Chl content in Table I . Results leaves which were half-expanded (leaf No. 5). In Vir-c, the initial rate of Chl accumulation was much slower until the half-expanded leaf stage, but was then followed by the same rapid rate of Chl accumulation as observed for the linear phase of "Samsun." The peak in Chl content for Vir-c occurred in the nearly fully-expanded leaf (leaf No. 7), two leaves later in development compared to "Samsun."
In the plants examined for Figure 1 , the half-expanded "Samsun" leaf contained over three times the amount of Chl present in the half-expanded Vir-c leaf. Other experiments showed as much as six times more Chl in "Samsun" compared with the mutant. Comparison of the two at maximum Chl content for both showed a 1.3 to 1 difference between the "Samsun" and the Vir-c plants. In both plant types Chl content declined as leaves began to senesce.
Chl Synthesis. The difference in Chl content in young leaves of the virescent mutant and "Samsun" might result from an early depression in the rate of Chl biosynthesis in Vir-c. This hypothesis is difficult to test by simply measuring Chl content over time, since the presence of Chl depends not only on the pool of pathway intermediates, but also on the availability of Chl binding proteins (24) . An alternative is to measure Pchlide, an intermediate in biosynthesis occurring near the end of the pathway. Conversion of Pchlide to the next intermediate requires light; therefore, the net rate of Pchlide synthesis can be determined by feeding young, dark-grown leaves with ALA, an intermediate in Chl biosynthesis occurring at the beginning of the pathway, and examining the amount of Pchlide accumulated in the dark in a given period. Table II shows that endogenous levels of Pchlide were similar for Vir-c and "Samsun" (sucrose control). When fed with exogenous ALA, the amounts of Pchlide accumulated in 26 h were also very similar for Vir-c and "Samsun." Pchlide amounts accumulated in 5 and 12 h were close to endogenous levels in both plant types (data not shown). Thus, Chl synthesis in young leaves, measured in terms of Pchlide accumulation, was not affected by the mutation.
Carotenoid Content. Since the rate of Chl synthesis in Vir-c appeared similar to "Samsun," the carotenoid content was examined because of the role carotenoids play in protecting Chl from photooxidation (12) . Reduced carotenoid pigment content could expose a like proportion of Chl molecules to destruction by light. Total carotenoids were extracted from half-expanded leaves of Vir-c and "Samsun" and compared on the basis of O.D. units at the absorption maximum. Table III presents the results  from two experiments. Total carotenoids per g fresh weight were three times lower in the mutant than in "Samsun," while mutant Chl content in these two experiments was about six times lower. Therefore, although total carotenoid levels in Vir-c were reduced, there was about two times more carotenoid pigment relative to Chl than in "Samsun." This suggests that while carotenoids were reduced in Vir-c, there was enough to protect twice as much Chl as was The histogram in Figure 2 shows the number of chloroplasts per cell in half-expanded leaves of Vir-c and "Samsun" were quite similar, and indicated that the difference in Chl content was not due to a decrease in chloroplast numbers per cell. In recovered leaves chloroplast numbers also were found to be similar for Vir-c and "Samsun" (data not shown).
When Chl content per chloroplast was examined, chloroplasts in half-expanded Vir-c leaves contained four to five times less Chl than "Samsun" (Table IV) (Fig. 3) . Granal profiles in chloroplasts from a half-expanded "Samsun" leaf averaged 10.1 thylakoids, compared to 5.7 thylakoids in Vir-c grana (Table V) .
Micrographs of recovered Vir-c leaves (leaf No. 8, Fig. 1 ) and "Samsun" leaves of the same age showed similar numbers of thylakoids per granum, correlating more normal thylakoid profiles in Vir-c with recovery of more normal Chl levels. Micro- Representative chloroplasts from leaf number 5 of a "Samsun" (a) and a Vir-c (b) plant. The only obvious difference in structure was in the degree of stacking of thylakoids, which was much more prevalent in the "Samsun" chloroplast than in the mutant. a, x26,000; b, x32,000. Fig.  1 ) showed almost no differences in the size of granal profiles. Figure 1 also shows that at this stage there is less difference in Chl content, again linking thylakoid development with Chl levels. Photosynthesis. Since the thylakoid is the site of the light reactions of photosynthesis, the major reduction in thylakoids observed in Vir-c might be expected to affect the photosynthetic capability of the mutant. We determined that the photosynthetic rate in half-expanded Vir-c leaves saturated at a higher light intensity than in "Samsun" leaves. The half-saturation intensity for Vir-c was 2.7 x 1016 quanta/cm2.s, compared to 0.94 x 1016 quanta/cm2. s for "Samsun." At a light intensity which saturated photosynthesis in both plants, the photosynthetic rates were very similar, when expressed on the basis of dry weight, or on the basis of unit leaf volume (Table VI) . When expressed on the basis of Chl, the rate at saturation in Vir-c exceeded the "Samsun" rate, due to the approximately 5-fold difference in Chl content. The photosynthetic rates at low light intensity were noticeably different, with the mutant photosynthesizing at a much lower rate than "Samsun."
Coupled with the requirement for a higher light intensity to saturate the light reactions, the poorer photosynthetic rate at low intensities suggested that the light collecting ability of Vir-c was reduced.
Ratio of Chl a to Chl b. The Chl a to b ratio in half-expanded Vir-c leaves was 3.326 + 1.28, compared to 3.158 ± 1.71 for half-expanded "Samsun" leaves. These ratios are very similar; moreover, no significant differences in Chl a to b ratios were detected at any of the developmental stages examined in Figure  1 . Thus, mutant leaves did not sustain a major shift in the levels of Chl a relative to Chl b.
DISCUSSION
Whereas most virescent mutations are single-gene, recessive, nuclear mutations, the Vir-c mutation is maternally inherited. Chloroplasts and mitochondria are both maternally inherited in tobacco, but since mitochondria have never been shown to affect Chl accumulation, the most likely site of the mutation is the chloroplast genome.
The Vir-c mutation produced a pattern of Chl accumulation very similar to patterns found in nuclear virescent mutations. Machlachlan and Zalik (18) studied the nuclear virescent of barley and observed that maximum pigment levels were reached 2 to 3 d later than in the wild-type barley. In a virescent nuclear mutant of maize (16) (3) and Phaseolus (7) . Fewer thylakoids per granum could also be seen in electron micrographs of chloroplasts from the maternally inherited virescent of soybean (20) .
An interesting exception was the virescent corn of Chollet and Paolillo (6 
